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Abstract

The classic kinetic model for cellulose hydrolysis is often referred to as
pseudo-homogeneous, a term revealing the insight that the process is actually
heterogeneous. During the past 10-15 yr, the shortcomings of this model
have been demonstrated in various studies and the interest in the heteroge-
neous aspects has increased. The present work presents a simplistic model in
which theintrinsic, heterogeneous hydrolysis and transportrates are coupled
by the assumption of a constant glucosidic surface concentration. The mecha-
nisms affecting these two rates are largely unknown, but the model serves as
a guideline for further exploration of the process.

Index Entries: Dilute-acid hydrolysis; kinetic model; heterogeneous
model.

Introduction

The model presented here deals with glucan hydrolysis alone, ignor-
ing sugar degradation. The model is simplistic, and its validity is discussed
following its presentation.

Model and Simulation Procedure

In this heterogeneous model, the total (T) surface concentration of
glucopyranose rings is assumed constant. It is further assumed that these
glucopyranoses are parts of either glucan (G) or sugar (S):

Cp=Cg+Cs (kg/m?) 1)

*Author to whom all correspondence and reprint requests should be addressed.
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By sugar we mean all mono-, di-, or oligomers that are solvable. The
mass change owing to hydration is ignored for simplicity. The hydrolysis
step does not leave the sugar solubilized, but attached to the surface. Once
the sugar is solubilized (i.e., released from the surface), an underlying
glucan unit is revealed, thereby keeping the total surface concentration C;
constant. The two processes of hydrolysis (1) and transport (t) (=solubiliza-
tion) are assumed to be first order:

r, =k, Cs(kg/[m?s]) (2)
r,=k,- Cs(kg/[m?s]) 3)

in which k, and k, are rate constants. We use the term transport for the entire
escape of the hydrolyzed sugar from the domain of the solid surface. Note
that the rate of transport is assumed independent of the sugar concentra-
tion in the bulk. Since the sugar is a mix of mono-, di-, and oligomers, the
rate constants are lumped entities, averaging a set of hydrolysis and trans-
port mechanisms.

The surface concentration of sugar (Cs) is then determined from the

rate:
dc
Ttszrh_rt:kh'(CT_CS)_kt'CS (4)
With the initial condition C4(t) = 0, C4(t) becomes
kyCr
= —e (k , kt)t
Cq(t) kh+-kt(1 e~ tknr ki) (5)

If we assume that the experimental data on remaining glucan include
also the sugar at the surface (which is hydrolyzed but not solubilized), we
are interested in the simulated amount of all material that has not been
transported away. This amount (mass) m is given by Eq. 6:

k,Cr
Pk, +k,

dm _ Ay =— Ak, Cyt)=-A k

i et

The total solids area A is dependent on the conversion. Assuming that
the particles are long microcrystallites of size 3 x 3 x 100 nm (corresponding
to 6 x 6 strands of glucan), we can consider the length to be constant in
comparison to the crystallite width 7, so that

A(r) =4Lr (m?) (7)
V(r)=Lr* (m?) (8)

in which L is the total length of all particles. The assumption of a constant
particle length is not merely a mathematical convenience but is largely
supported by experiments (1). We can now describe the area dependence
on the remaining mass m:

A =411 = 4JLV = 4/Imfp =4“Zl+:1 )
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in which p is the density, and the subscript zero denotes initial values.
Inserting Eq. 9 into Eq. 6, and dividing both sides by m,, we arrive at

d (m/my) -
= el 10
df Q/ i ot (10)
in which
4Cr kik

Q= rOpT K }_l'_;c (overall rate constant, s~ 1) (11)

h t
o(t)=1—e btk 12)

Parameter values used in our simulations are p = 2000 kg/m?, C; =
10 kg/m?, r, = 3 X 10~ m. Some values of k, and k, are given in the next
section. MATLAB’s ode-solver ode45 was used to simulate m(t) /m,, which
has a real-value solution only up to a critical time ¢, with m(t.) = 0. If ¢(t)
were equal to 1 (it actually starts off at 0 and approaches 1 exponentially),
the analytical solution would be given by Eq. 13, and ¢, would then be
equal to2/Q. Since @(t) is not constantly 1, t. is somewhat bigger than this
value. Numerically, there is a breakdown around m(t) = 0.01m,,.

m(t) _ ( Q )2
Thisnumerical limitation does not limit the use of this model, since we
have plenty of reasons to mistrust the model at high conversion anyway.

Discussion

The model invariably yields glucan profiles with a certain curvature,
but the overall rate is determined by the parameter Q (Eq. 11). In Fig. 1, two
simulations are shown, in which a 12-fold difference in the value of k, yields
different overall rates. Figure 1 also shows two experimental data sets, one
for batch and one for percolation. These data were presented earlier (2), as
were the experimental procedures (3) under which they were produced. As
can be seen in Fig. 1, the simulations coincide, to some extent, with the
experimental data. This is just a simple example to show the fundamental
applicability of the model. The observed difference between two reactors
could, in this example, be qualitatively explained by a hypothesized differ-
ence in transport efficiency.

In fact, the notational distinction between hydrolysis and transport
may be short on physical significance, since the two processes are linked in
amore complicated way than the model describes. Hydrolysis itself infers
steric changes that alter the structure of the surrounding solvation shell,
which is the beginning of solvation.

The two so-called rate constants k, and k, are hardly constant, and we
therefore refer to them hereafter as rate parameters. Not only are tempera-
ture, pH, and flow likely to influence the rate parameters, but conversion
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Fig.1.Measured hydrolysis profiles for pretreated yellow poplar in (A) batch and
(V) percolation at 225°C, 0.07% (w/w) (2). The lines are simulations, in which k;, =
4.93 x 10 in both cases, but k, differs 12-fold (1.97 x 10-®) for the upper profile, (23.68
x 107 for the lower).

could have a great impact as well. A dependency on conversion would
influence the curvature of the profiles, whereas the other three factors
only affect the overall rate. Quantitative—and even qualitative—descrip-
tions of these dependencies are hard to come by with current experimen-
tal procedures, since we cannot observe one rate parameter in isolation
from the other.

For all these unknowns, we still have not addressed the complicated
chemistry involved in lignocellulose hydrolysis. Bouchard et al. (1) and
Mok et al. (4) claimed the destruction of some 30% of the glucan, in a way
thatglucoseisnever formed. Although these chemical pathwayshavenever
been elucidated, it can be assumed that there is more to glucan chemistry
than the simple production of sugar. Given the presence of lignin and other
compounds, the picture is further obscured. It must therefore be stressed
that the complexity of the process is greater than both the model and our
understanding. However, much of the complexity can be implicitly ac-
counted for by the two rate parameters.

Xiang et al. (5) assumed that atlow severity (especially low tempera-
ture), the microcrystallites are hydrolyzed at the ends, and the product is
glucose. The strong cellulosic structure remainsintact. Athigher severity,
this structure is weakened, and entire glucan chains are dissolved. This
idea touches a very important issue: the observed homogeneous kinetics
of a presumably heterogeneous process. In the present model, this divide
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is represented by the exponent of m in Eq. 10. With an exponent of 0.5
(represented by the square root sign in Eq. 10), the process is modeled as
entirely heterogeneous, whereas it becomes entirely homogeneous with
an exponent of 1. Any intermediate value is plausible, although only the
two extremes are easily interpreted. This exponent is probably heavily
dependent on conversion and other factors.

This model only concerns the glucan hydrolysis. What happens to the
dissolved sugars is a crucial question, and the reader is referred to the
works from the laboratory of Dr. Y. Y. Lee (6,7).

Conclusions

Thereislittle reason to assume that heterogenous dilute-acid hydroly-
sis of cellulose microcrystallites can be adequately described by a simple
model with only a few parameters. There is a multitude of interdependent
mechanisms, and a comprehensive model is far out of reach. However,
insights can be gained by exploring new modelling concepts.

This work has presented a simplistic model in which the intrinsic,
heterogeneous hydrolysis rate and the heterogeneous transport rate are
coupled by the assumption of a constant glucosidic surface concentra-
tion. The mechanisms affecting the hydrolysis and transport rates are
largely unknown, but the model serves as a guideline for further explor-
ing the process.
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